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Abstract 
In this paper, Taguchi method of robust optimization has been adapted along with Design of Experiments methodology and 
ANOVA to reduce the variability in the Ride comfort of a vehicle with respect to sprung mass of vehicle. It aims to find a 
combination of tyre pressure, spring stiffness and damping coefficient which gives a constant and targeted comfort value with 
reduced variance. The analysis suggests that the tyre pressure of 35psi with the spring stiffness of 26,000 N/m and damper of 
damping coefficient 418 N-s/m, maximize the SN ratio and reduce the deviation in RC due to mass, hence resulting into a robust 
design. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Automotive suspension systems comprise a domain which witnesses consistent innovations, advancements, 
improvisations and the implementation of the latest trends in optimization and analysis methodologies. Automotive 
manufacturers, suspension engineers and vehicle dynamics experts have striven towards a unilateral goal: more 
comfort for the occupants of the motor driven vehicle. Ride comfort in turn is affected by a multitude of variables. 
Chalasnani proved that increasing the damping coefficient in a passive suspension system enhances the ride 
comfort[1].In several contemporary works, a mathematical half car, full car or quarter car models have been developed 
in MATLAB and optimization of suspension parameters have been done. Vladimir Goga and Marian have 
implemented evolutionary computation [2]. Marzbanrad determined the spring and damper settings that ensured 
optimal ride comfort of vehicles at different speeds using Design of Experiments (DOE) [3]. 
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Although it has been proven beyond doubt that sprung mass plays a major role in influencing suspension design 
and behavior, measures have not been implemented to control or manipulate this factor. This is primarily because the 
sprung mass of a vehicle is subject to change arbitrarily within a predetermined range as per loading conditions and 
is unlikely to remain at a fixed value throughout the operating life of the vehicle. This situation calls for a robust 
design. The idea behind robust design is to improve the quality of a product by minimizing the effects of variation 
without eliminating the causes [4]. 
Taguchi’s robust design method is a powerful tool for the design of a high-quality system. Taguchi Designs provide 
a simple, efficient and systematic approach for optimization, quality and cost [5]. The methodology is valuable when 
the design parameters are qualitative and discrete [6]. Taguchi’s approach is based on classifying the variables in a 
process as either control (or controllable) variables and noise (or uncontrollable) variables and then finding the settings 
for the controllable variables that minimizes the variability transmitted to the response from the uncontrollable 
variables [7]. 
In this paper, the effect of the main suspension variables like sprung mass, spring stiffness, damping coefficient 
and tire-pressure has been evaluated by using data from a quarter car test rig. The suspension system design was then 
made impervious to variations in the sprung mass within the pre-specified loading range by implementing the robust 
design methodology by Taguchi. 
 
Nomenclature 
RC Ride comfort 
typ Tire Pressure 
k Spring stiffness 
c Damping Coefficient 
m Sprung mass 
2. Quarter Car Test Rig 
For the experimental appraisal and evaluation of Ride Comfort as per ISO 2631-1:1997 [8] standards, the datasets 
were obtained from a quarter car suspension test rig shown in Figure 1. The test rig was integrated with NI LabVIEW® 
for high speed precision data acquisition and equipped with provisions to vary influential parameters within the design 
range. 
 
Fig. 1. Quarter Car Test Rig 
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3. Experimental Design and Data Analysis 
The Taguchi method for experimental design is easy to apply to many engineering problems as it allows the analysis 
of many parameters without high amount of experimentation. It helps in identification of key parameters that affect 
the performance and the parameters that have little effect are neglected. Taguchi technique creates a standard 
orthogonal array to evaluate the effects of design parameters on the response value in an unbiased manner [9]. The 
use of orthogonal arrays minimizes the number of total experimental runs such that the conclusions drawn from small 
scale experiments are valid over an entire experimental region spanned by the control factors and their settings [10]. 
The control factors in this paper are tyre pressure (typ), spring stiffness (k) and damping coefficient (c) each having 2 
levels, high and low, as per the range of values they are most significant within as shown in Table 1.  
An L8 orthogonal array is utilized to study the effects of control factors on the response. The whole design is 
replicated twice in order to minimize the experimental error and a total of 16 runs were obtained. 
3.1. Design Parameters With Their Levels 
  Table 1. Factors sampling range 
Factors Level 1 Level 2 
Tyre pressure (typ) 35000 40000 
Spring stiffness (k) 18000 26000 
Damping coefficient (c) 418  673  
Mass (m) 41 81 
3.2. Observation Table 
The experimentation was conducted and the corresponding values of Ride comfort were recorded as per the L8 
array obtained. Each combination was replicated twice, each time with different level of sprung mass. Table 2 shows 
the observation table obtained from the experimentation. 
  Table 2. Observation Table 
Sr. No. typ K C Mass RC 
1 35 18000 418 41 0.655 
2 35 18000 418 81 1.15 
3 35 18000 673 41 0.515 
4 35 18000 673 81 0.495 
5 35 26000 418 41 0.66 
6 35 26000 418 81 1.305 
7 35 26000 673 41 0.485 
8 35 26000 673 81 0.42 
9 40 18000 418 41 0.885 
10 40 18000 418 81 1.225 
11 40 18000 673 41 0.56 
12 40 18000 673 81 0.5 
13 40 26000 418 41 0.855 
14 40 26000 418 81 1.21 
15 40 26000 673 41 0.59 
16 40 26000 673 81 0.575 
 
The aim of the experiment is to find a combination of control factors that reduces variation in the response RC 
caused due to noise factors by minimizing the SN ratio and the standard deviation. For the design to be robust the 
value of RC should be insensitive to changes in sprung mass over a wide range of values. 
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3.3. Analysis of Variance (ANOVA) 
ANOVA elaborates the variability in the mean and variance of the residuals, taking into account the degree of 
freedom for each variable. It is a statistical method used for estimating error variance along with the relative 
importance of control factors in the estimation of response [11]. It determines the goodness of fit of the data 
assimilated, to the assumed linear relationship. Minitab® generates the ANOVA tables for both SN ratio and Standard 
deviation of the model separately shown in Table 3 and Table 4 respectively. 
3.3.1. Signal to Noise Ratio (SN Ratio) 
The SN ratio can be basically understood as the ratio of signal factor to the noise factor in the experiment. As per 
the goal of the optimization, SN ratio can be decided to be maximized, minimized or kept at nominal value. It helps 
in choosing the control levels that can compensate the effects of noise to the maximum [4]. Here, SN ratio is chosen 
to be kept the minimum, as the goal of the design is to minimize the RMS acceleration of the sprung mass, ultimately 
maximizing the Ride Comfort. The aim is to minimize the effect of noise factors on the response. 
Table 3. ANOVA table for SN ratio 
Source DF Seq SS Adj SS Adj MS F P 
typ 1 5.054 5.054 5.054 1.22 0.468 
k 1 0.038 0.038 0.038 0.01 0.939 
c 1 128.993 128.993 128.993 31.24 0.113 
typ*k 1 1.722 1.722 1.722 0.42 0.635 
typ*c 1 12.736 12.736 12.736 3.08 0.330 
k*c 1 0.940 0.940 0.940 0.23 0.717 
Residual 1 4.129 4.129 4.129   
Total 7 153.613     
3.3.2. Standard Deviation 
Standard deviation is the variability in response occurred due to presence of noise. It is the variation in response 
when experimentation is done at same control factor settings at different times. Mathematically, it is the distance of 
response from mean value of response. Taguchi design concentrates on minimizing the standard deviation in order to 
reduce the variation and generate a design which can give a nearly constant response for any value of noise factor. 
Table 4. ANOVA table for Standard Deviation 
Source DF Seq SS Adj SS Adj MS F P 
typ 1 0.041328 0.041328 0.041328 36.63 0.104 
k 1 0.000078 0.000078 0.000078 0.07 0.836 
c 1 0.102378 0.102378 0.102378 90.75 0.067 
typ*k 1 0.000078 0.000078 0.000078 0.07 0.836 
typ*c 1 0.00945 0.009453 0.009453 8.38 0.212 
k*c 1 0.000078 0.000078 0.000078 0.07 0.836 
Residual Error 1 0.001128 0.001128 0.001128   
Total 7 0.154522     
Table 5. Response table for SN ratio 
Level Typ k C 
1 -29.07 -29.93 -25.85 
2 -30.66 -29.79 -33.88 
Delta 1.59 0.14 8.03 
Rank 2 3 1 
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The ANOVA tables for standard deviation and SN ratios show that the damping coefficient affects the SN ratio 
and Standard deviation of RC the most, followed by tyre pressure and then spring stiffness. This can be elaborately 
seen in the Response tables shown in Table 5 and Table 6. 
 
Table 6. Response table for Standard Deviation 
Level Typ k C 
1 0.2788 0.3538 0.4638 
2 0.4225 0.3475 0.2375 
Delta 0.1437 0.0062 0.2262 
Rank 2 3 1 
 
The ranks are given according to delta values. Delta values represent overall change in the value of control factor. 
Since delta value for c (damping coefficient) is the largest in case of SN ratio and standard deviation it can be said 
that it has the highest impact on the process. The response table for SN ratios shows that the SN ratio is minimum for 
higher level of c and typ whereas it is almost constant for k. Response table for standard deviation suggests that 
standard deviation is minimum for the higher levels of spring stiffness and damping coefficient and the lower level of 
tyre pressure. 
4. Main Effects Plot 
Main effect is a value which shows the extent of influence of a factor on the response. Main effect plot represents 
the variation in the response variable with the variation in control factors and is used to examine differences between 
level means for factors. In a main effect plot, if the line plotted is horizontal, the factor is said to be insignificant since 
there is no change in response with the factor. On the other hand, if a line has high slope, it shows that the factor is 
significantly affecting the response.  
Figure 2 and Figure 3 show the effect of tyre pressure, spring stiffness and damping coefficient on SN ratio and 
Standard deviation. By evaluating the figures, it is easy to determine the favorable levels of control factors which 
should be chosen in order to get a robust design. 
4.1. Main Effects Plot for SN Ratio 
 
Fig. 2. Main Effects plots for SN Ratio 
The Figure 2 shows that Signal to Noise ratio is highest at the lower level i.e. 35 psi for tyre pressure and at 418 


























Main Effects Plot for SN ratios
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Dynamic Response: Signal reference 41  Response reference 0.3
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the change in levels of spring stiffness. Hence it shows that the combination of higher level of tyre pressure and 
damping coefficient along with any level of spring stiffness can give the minimum SN ratio in the design. 
4.2. Main Effects Plot for Standard Deviation 
 
Fig. 3. Main Effects plots for Standard Deviation 
In order to minimize the variability in the model, the aim is to minimize the standard deviation. The plots in Figure 
3 show that the value of standard deviation is lowest at tyre pressure of 35 psi, 673 Ns/m i.e. higher level of damping 
coefficient and spring stiffness of 26000 N/m. The nearly horizontal line for spring stiffness indicates its insignificance 
but the slight deviation shows that the standard deviation is slightly less for the higher level compared to the lower. 
5. Robust Design 
Taguchi also predicts the SN ratio and std deviation for any combination of the control factors, implementation of 
which on the design corroborates the above inferences. The predicted SN ratio and std deviation for the robust 
combination have been shown in Table 7. 
 
Table 7. Predicted values of SN ratio and Std deviation 
typ k c SN-ratio Std.-deviation 
35 26000 418 -33.2209 0.278125 
35 26000 673 -35.0826 0.196875 
 
Observing the response tables and main effect plots along with the concepts of vehicle dynamics gives that the 
combination of tyre pressure of 35 psi, spring stiffness of 26000 N/m and Damping coefficient of 673 Ns/m improves 
the quality of response to a great extent by reducing the variation due to sprung mass to the minimum. 
For the above stated combination, the SN ratio was found to be -35.0826 which is minimum among the all possible 
combinations of the parameters and Standard deviation of 0.196 m/s2 which is fairly acceptable as far as Ride comfort 
is concerned. 
6. Validation 
The obtained robust combination of control factors was again executed on the test rig and the Ride Comfort values 
were recorded at different values of mass, as shown in Table 8. The results show that for the selected combination of 
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Table 8. Validation of Robustness at typ = 35 psi, K = 26000N/m & C =673 Ns/m 







Std deviation 0.02417 
The same procedure was repeated with another combination of control factors i.e. at typ = 40 psi, K= 18000 N/m 
and C = 418 Ns/m, at different values of sprung mass. The Figure 4 shows the normal probability plots of values of 
Ride comfort by taking both robust combination and the other non-robust combination. It shows the decrease in 
variability in Ride Comfort with the variation in mass when robust combination is applied. 
 
 
Fig. 4. Comparison of Robust and Non-robust models 
7. Conclusion 
Taguchi design has been successfully applied to obtain a design which minimizes the variation in Ride Comfort of 
a vehicle due to mass. The analysis suggests that the combination of tyre pressure value of 35 psi, spring stiffness of 
26000 N/s and Damping coefficient of 673 N-s/m results into a design robust of mass. The obtained design was again 
validated on the test rig and the variation in the response is found to be reduced up to 0.02417. 
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